Abstract: Water movement and uptake by roots in a drip-irrigated potato field was studied by combining field experiments, outputs of numerical simulations and summary results of an EU project (www.fertorganic.org). Detailed measurements of soil suction and weather conditions in the Bohemo-Moravian highland made it possible to derive improved estimates of some parameters for the dual permeability model S1D DUAL. A reasonably good agreement between the measured and the estimated soil hydraulic properties was obtained. The measured root zone depths were near to those obtained by inverse simulation with S1D DUAL and to a boundary curve approximation. The measured and S1D DUAL-simulated soil water pressure heads were comparable with those achieved by simulations with the Daisy model. During dry spells, the measured pressure heads tended to be higher than the simulated ones. In general, the former oscillated between the simulated values for soil matrix and those for the preferential flow (PF) domain. Irrigation facilitated deep seepage after rain events. We conclude that several parallel soil moisture sensors are needed for adequate irrigation control. The sensors cannot detect the time when the irrigation should be stopped.
Introduction
Interactions between plant roots and soil water have been receiving attention since very long ago. The classical concepts of wilting point and critical point have been embodied into various water stress functions (e.g., Feddes et al. 1978) . Wright & Stark (1990) suggest an optimum range of soil water pressure heads for potato between −200 and −600 cm. A newer overview was provided, e.g., by Pereira & Shock (2006) . The success of application of these concepts heavily depends on the root zone dimensions and their dynamics. The presence of plant roots and the tillage of cultivated lands usually support the capacity of the soil to absorb water (e.g., Halabuk 2006; Farkas et al. 2006) . Water in many soils seeps downwards along preferential paths (for the state of the art, see Roulier & Schulin 2006) . The sensors of soil moisture content or suction then receive more water from the surface and receive it quicker than if there were no preferential flow. Different sensors are affected differently . This also pertains to the sensors used for irrigation control. Many aspects of preferential flow can be satisfactorily reproduced by dual porosity and dual permeability models (e.g., Dušek et al. 2006) . The objective of this paper is, first, to compare some outcomes of the Fifth EU Framework Programme Project FertOrgaNic (e.g., Abrahamsen et al. 2006; Battilani et al. 2006; Plauborg et al. 2006a,b) with the results of a dual-permeability model, second, to demonstrate that the root zone depth can be optimised using field data, and, third, to draw conclusions of practical relevance.
Material and methods
Field experiments exploring potato (Solanum tuberosum L.) growing technologies were carried out in six European countries over three growing seasons (2003) (2004) (2005) in the frame of the FertOrgaNic project. Experiments consisted of several treatments, which differed in terms of drip irrigation, organic manures and fertigation. A description is given by Plauborg et al. (2006a) . The potato was grown in ridges. Drip irrigation lines were placed in the tops of the ridges. Agronomic and biometric measurements were accompanied by soil and water sampling and soil moisture measurements. Weather conditions were also monitored. The rooting depth of potato was inspected few times during the season. These measurements were generalised by drawing an exponential boundary curve to the plot of the relative root zone depth against the accumulated thermal units since emergence.
The Czech site, Valečov, lies at 49
• 38 40 N, 14
• 30 25 E and 461 m a.s.l. The soil type is deep Stagnosol on weathered paragneiss. The topsoil, 25 to 30 cm thick, is quite fertile due to regular application of farmyard manure. The subsoil is dense and acid. The movement of water after rain or irrigation is distinctly preferential. The soil contains macropores and is also considerably heterogeneous. The spacing between ridges, plants in the ridges and drippers were, respectively, 0.75 m, 0.35 m and 0.30 m. The ridges were about 20 cm high. Groundwater was virtually absent. Weather elements were measured in 10-minute intervals. The results below refer to treatments T2 1 (non-irrigated, pig manure in autumn, 120 kg mineral N ha −1 in spring) and T5 (drip irrigated, pig slurry in spring, 35 kg mineral N ha −1 via fertigation).
Soil water pressure head was measured by tensiometers placed at 45 cm and 75 cm below the average soil surface (i.e., 55 and 85 cm below the tops of ridges). Soil hydraulic properties were measured repeatedly in the laboratory and in the field. The effective values of some soil hydraulic parameters were found by inverse optimisation of soil water and root uptake models, relying on comparison with measured data. The results presented below refer to two comprehensive one-dimensional simulation models, namely Daisy (http://www.dina.kvl.dk/∼daisy/; Abrahamsen et al. 2006 ) and S1D DUAL (Vogel et al. 2000) . The preferential flow was simulated by the Daisy model as a short-circuiting effect, the meteorological time step was one day, and the model parameters were optimised by trial and error, comparing model outputs with the FertOrgaNic field experiments. Details are reported by Abrahamsen et al. (2006) . S1D DUAL is based on two parallel Richards equations, one for the matrix domain and the other one for the preferential flow (PF) domain, coupled together by a transfer term. The meteorological time step was 10 minutes. Initial estimates of soil hydraulic properties were mainly derived from laboratory measurements. Some parameters and scaling factors, the PF-domain volume and the inter-domain transfer coefficient were then optimised by inverse simulation, based on the comparison of simulated pressure heads with those measured by reference tensiometers (at 45 cm and 75 cm) in the non-irrigated treatment. The root zone depth was optimised separately for each of five sub-periods. The water stress response function proposed by Feddes et al. (1978) was used, assuming optimum root water uptake at pressure heads above −350 cm for high transpiration rates and above −600 cm for low rates. The parameters of this function were not optimised. The evapotranspiration inputs for S1D DUAL were obtained from the FAO 56 combination equation (Allen et al. 1998 ) with 10-minute weather data. The daily long-wave radiation estimates were disaggregated as in Zavadil & Doležal (2005) . The simulations presented here embrace a period from 21 May to 18 July 2004. Similar simulations were presented by Zumr et al. (2006) , but there the assumed root zone depth was larger and constant, the evapotranspiration was constant over particular days and the irrigated treatment (T5) was not simulated.
Results and discussion
The van Genuchten soil parameters used in the predictive S1D DUAL simulations are summarised in Table 1, where θ r and θ s are the residual and the saturated moisture contents, respectively, α and n are shape parameters of the retention curve equation and K s is the saturated hydraulic conductivity. Of all values listed in Table 1 , K s of both domains and all PF-domain parameters were optimised. The others were derived from measurements. The optimised matrix scaling factors for the 0 and 100 cm depths, respectively, were A h = 1.13 and 0.92 for pressure heads, A k = 1 and 0.69 for the hydraulic conductivity, and A θ = 0.88 and 2.25 for mois- Table 1 . The final set of S1D DUAL soil parameters (see the text for explanation).
Matrix
Preferential flow (PF) domain Layer (cm) θr θs ture contents. They were assumed to vary linearly with depth. The optimised PF-domain volume was 7%, in accordance with observations (5 to 12%). The optimised inter-domain transfer coefficient was 0.01 cm −1 d −1 . The optimisation was done for the T2 1 treatment. The same set of parameters, including root zone depths, was then used to simulate the T5 treatment. The hydraulic conductivity near saturation K(−2 cm) measured by tension infiltrometers over several years, seasons and depths varied between 1 and 30 cm d −1 . The matrix parameterisation given in Table 1 , together with the optimised scaling factors, lead to K(−2 cm) = 19.76 cm d −1 at 0 cm and K(−2 cm) = 2.22 cm d −1 at 75 cm, which is a reasonable agreement.
Figures 1 and 2 display how the pressure heads at 45 cm depth varied in time according to field measurements and the models. The full circles (Daisy) pertain to soil matrix, because the Daisy model does not calculate pressure heads in macropores. The Daisy model simulation compares reasonably well with the measured pressure heads, except for dry spells and large percolation events. Empty circles in Fig. 1 denote a reference tensiometer, with respect to which the S1D DUAL parameters were optimised. The other tensiometers are represented by full thin lines. The S1D DUAL results are represented by two thick lines, one for the soil matrix and the other one for PF domain. We can see that:
a) There is a considerable spread of readings among parallel tensiometers. This is due to heterogeneity of the soil matrix but also due to preferential flow, mainly via macropores . b) During dry spells, the measured pressure heads tend to be lower than the simulated ones. This can perhaps be explained by a non-representative selection of reference tensiometers or by the presence of potato roots below the declared bottom of the root zone (improbable in Valečov) or by physical evaporation from greater depths, driven by barometric variations and facilitated by macropores (Massman 2006) .
c) The readings of tensiometers oscillate between the simulated pressure heads for the matrix and those for PF domain. They approach the former in the periods of drought or mild rains. After ample rains, the measured pressure heads are markedly higher than the simulated matrix values. In extreme cases they copy the simulated PF-domain values (e.g. on 8-9 July after a swarm of rainstorms, cf. Zumr et al. 2006 ). In the irrigated treatment T5 (Fig. 2) , this also happened after irrigation on 5 July. After such events, the lateral flow from macropores to the matrix quickly wets the latter. The measured root zone depths are compared with the FertOrgaNic boundary curves (reduced by 10 cm, to relate them to the average soil surface) and with the S1D DUAL-optimised step-wise pattern in Figs 3 and 4. These figures also display the spatio-temporal variation of pressure head in the matrix domain. In Fig. 3 , which pertains to the non-irrigated treatment T2 1, we see that several short dry and rainy spells followed each other by the start of the season. Later on, simultaneous root uptake and mild rains almost balanced each other. Finally the abstraction prevailed and the pressure heads decreased below the threshold of water stress. The stress persisted for about two weeks until ample rains on 8 and 9 July put an end to it for a while (a further period of severe stress came in August). During each dry spell, the soil below the bottom of the root zone also tended to dry out. This could be explained by the capillary rise towards the root zone (Parker et al. 1989) and by the gravity-driven unsaturated seepage.
The pressure head map of the irrigated treatment T5 (Fig. 4) shows a similar picture, except that the effect or rain is enhanced by irrigation. Very little plant stress occurred. Irrigation prepared the way for a higher deep seepage after 8 and 9 July. The measured root zone depths and those calculated from FertOrgaNic boundary curves are shallower in T5 than in T2 1. This is mainly because the plant roots in T5 could not penetrate a moist anoxic layer at the bottom of the topsoil (an inadvertent consequence of the pig slurry incorporation). No importance is attached in this respect to a slightly better availability of topsoil moisture (i.e., a weaker push for plant roots to go deeper) in T5. The S1D DUAL-optimised root depths are obviously the same as in Fig. 3 .
Having explored what happens in a structured ploughed soil under a potato stand, we can make the following main conclusions:
a) The empirical boundary curve of root zone depths derived in the FertOrgaNic project is in a reasonable accordance with the S1D DUAL-optimised root zone depth variation. It is realistic to expect that the other empirical equations of the FertOrgaNic Decision Support System ) are similarly trustable.
b) It is difficult to optimise parameters of a simulation model by attempting to adjust a single output of the model to multiple conflicting measurements (such as the measurements of several parallel tensiometers). This dilemma can be solved by a model capable of producing several random realisations . c) One of main arguments against the use of soil moisture sensors for irrigation control is that the root zone dimensions vary in space and time. Further research is needed in order to optimise the placement of sensors with respect to ridges, plants and drippers, but several parallel sensors will be needed in any case, placed at different depths and evaluated differently at different crop stages. The sensors cannot detect the time when to stop irrigation, because their reaction to preferential flow is unpredictable.
Further progress in this field can be achieved if a 2D or 3D model is used, the optimisation comprises several seasons, the temporal variability of soil parameters is allowed for and the concept of multiple output modelling ) is applied. It is also essential that the time resolution of inputs and of the simulation model itself is high enough, because the processes in the preferential flow zone are very rapid.
